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Amaranth seeds, one of few dicotyledonous genera that produce edible cereal grain, contain ≈ 16% protein with about double the lysine content of wheat protein and three times that of maize (National Research Council, 1984) . In pre-Columbian times, grain amaranth was one of the basic foods of the New World; however, with the collapse of the Inca and Aztec cultures following Indian conquest by the Spanish conquistadors, people stopped usingamaranth,andit became one of America's forgotten crops (Vietmeyer, 1981) . Amaranth is used as a principal vegetable and seed species. Leaves of young plants are eaten as greens, and seed yields of 450-700 kg·ha -1 in dry-land areas and 900-2000 kg·ha -1 in irrigated or high-rainfall areas have been recorded (Stallknecht and Schulz-Schaeffer, 1991 ). Amaranth's C 4 metabolism permits high photosynthetic efficiency under a range of temperatures and, moisture-stress environments (Stallknecht and Schulz-Schaeffer, 1991) .
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harvesting by combine and threshing is required for amaranth to compete economically with other grain crops. Research on machineharvesting of amaranth, initiated in 1980 at the Rodale Research Center in Kutztown, Pa., resulted in recommended settings and modifications for various combine harvester models to minimize grain loss (Weber et al., 1989) . Recommendedcylinder revolutions perminute (rpm) and concave settings for combine harvesters were as follows: Gleaner R-50 (260-350 rpm, 6.4-9.5 mm), Gleaner L (900 rpm, 7.9 mm), John Deere 7700 (600 rpm, setting no. 6), John Deere 7720 (650 rpm, setting no. 6), and John Deere 8820 (600 rpm, 15.9 mm). Combine-harvesting of grain amaranth is complicated by grain maturation variation in inflorescences on different branches and by high leaf and stem moisture at time of grain matority. Increasing populations from 320 to 360,000 plants/ha to minimize branching and allowing a killing frost to dry the plants permitted efficient combine-harvesting of grain amaranth (Weber et al., 1989) .
The small (1-1.5 mm in diameter, 0.6-1.0 g/1000 seeds), lenticular-shaped, tan-colored amaranth seeds' (Saunders and Becker, 1984) have embryos that encircle the perisperm in one plane (Irving et al., 1981) (Fig. 1) . The embryo therefore is vulnerable to mechanically induced injury during combineharvesting. The integrity of the embryo is important if the seed is to be planted. Studies with rasp-bar threshing cylinders indicate that cylinder speed, plant feed rate into the harvester, plant moisture content, and concave clearance are major factors that influence mechanical damage to seed in numerous crops. Combine-harvested seeds had lower quality than hand-harvested seeds in green beans (Phaseolus vulgaris L.) (Clark and Kline, 1965) , lima beans (Phaseolus lunatatus L.) (Borthwick, 1932) , and soybeans (Glycinemax L.) (Green et al., 1966) . The extent of internal and external damage increased during harvest as seed moisture content decreased and combinethreshing-cylinder speedincreasedin navy beans (Phaseolus vulgaris L.) (Singh and Linvill, 1977) , soybean (Green et al., 1966) , and lima bean (Bainer and Borthwick, 1934) . Information on the effect of mechanical harvesting and threshing on amaranth seed quality is lacking. Our objective was to determine the effect of threshing cylinder speed on amaranth seed germination after various periods of seed storage.
Materials and Methods
'RRC 1011' grain amaranth plants grown at the Cheyenne Gap Amaranth farm in Luray, Kan., were harvested for seed using a combine (55; John Deere, Moline, Ill.) with a 4.3-mwide grain platform during Fall 1985 Fall , 1986 Fall , and 1987 . The clearance between the rasp bars of the 56-cm-diameter threshing cylinder and the grated concave was 7.9 mm in the front and . After 16 days, the percentages of normal and abnormal seedlings were determined. We tested data from each harvest year separately by analysis of variance.
Combine-harvested and hand-harvested seeds were prepared for scanning electron microscopic visualization using a scanning electron microscope (model 301; Philips, Eindhoven, The Netherlands). Seeds were glued onto aluminum stubs and then sputtercoated with gold-palladium under vacuum to obtain an electrically conductive surface (Postek et al., 1980) . A minimum of one stub containing at least 30 seeds was prepared for each harvest method used in 1986 and 1987 (hand-harvested seeds and each combine cylinder speed).
Results and Discussion
Seeds that were machine-harvested and threshed at a 30.7-m·s -1 cylinder threshing speed in 1985 produced only abnormal seedlings, with 83% of seeds germinating when tested 15 months after harvest (Table l) . Nearly all hand-harvested seeds from the 1985 harvest produced normal seedlings (Table l) . The poor germination of the combine-harvested seeds was attributed to mechanical damage incurred during combine harvesting. Although the hand-harvested seeds appeared intact ( Fig.  2A) , seeds combined at a 30.7-m·s -1 threshing cylinder speed sustained damage to the seedcoat, endosperm, and embryo (Fig. 2E) . About one-half of the abnormal seedlings had short roots with normal cotyledons and hypocotyls, but the remaining seedlings were small and badly broken, reflecting the location and extent of damage to the embryo encircling the perisperm.
Reducing the threshing cylinder speed for the 1986 harvest from 30.7 m·s -1 (1985) to 12.8 m·s -1 increased the percentage of normal seedlings (Table 1) . When tested in May 1988 (19 months after harvest), the percentage of normal and abnormal seedlings of the combine-or hand-harvested seeds were not significantly different. When tested 59 months after harvest (Sept. 199 1), the percentage of normal seedlings from combine-and handharvested seeds decreased relative to testing at 19 months. However, this decrease in percentage of normal seedlings was greater for the combine-harvested seeds, indicating greater loss of seed viability due to combine-harvesting and extended seed storage. The percentage of abnormal seedlings was similar for the two test dates. A high proportion of hand-and combine-harvested seeds was decayed, resulting in the low percentage of normal seedlings from seeds harvested in 1986 (Table 1) , a response that may be associated with secondary microbial contamination. Combineharvested seeds threshed at 12.8 m·s -1 had damaged seedcoats and-endosperm but no apparent damage to the embryo (Fig. 2C) .
Germination tests of seeds harvested in 1987 revealed that threshing cylinder speed and seed age (seeds tested at 7 and 47 months after harvest) interacted to affect the percentages of normal and abnormal seedlings (Table  1) . At both test dates, the percentage of normal seedlings decreased with increasing threshing cylinder speed. Such an inverse relationship between threshing cylinder speed and seed quality has been noted in several leguminous crops (Bainer and Borthwick, 1934; Green et al., 1966; Singh and Linvill, 1977) . The decrease in the percentage of normal seedlings has been most marked as threshing cylinder speed increased from 22.4 to 30.7 m·s -1 . The 40-month difference in storage of seeds threshed at 8.1 or 22.4 m·s -1 failed to decrease the percentage of normal seedlings signifi-cantly. At the highest threshing speed (30.7 m·s -1 ), however, the percentage of normal seedlings was significantly lower in 1991 than in 1988, reflecting seed deterioration during the 40-month storage of seeds that sustained damage to the seedcoat, endosperm, and embryo (Fig. 2E) . The greater seed damage inflicted by threshing at 30.7 m·s -l than at lower cylinder speeds (Fig. 2B and D) was reflected in a greater percentage of abnormal seedlings (Table 1) , which was exacerbated by the 40-month storage. At the lower threshing speeds, the percentage of abnormal seedlings was not increased significantly by increasing the storage from 7 to 47 months. Increasing the concave clearance might reduce seed damage further. Increased concave clearance and decreased threshing cylinder speed have reduced damage to soybean seeds (Young, 1968) .
Our results show that the percentage of normal seedlings decreased and the percentage of abnormal seedlings from amaranth seeds increased as threshing cylinder speed increased from 8.1 to 30.7 m·s -1 . With the highest threshing speed, seed deterioration (loss of germination and increase in percentage of abnormal seedlings) was exacerbated by lengthening seed storage. Threshing cylinder speeds of 8.1 to 12.8 m·s -1 resulted in percentages of normal seedlings similar to hand-harvest. Although injury to hand-harvested seeds or seeds threshed at 8.1 m·s -1 was not apparent, scanning electron micrographs of seeds threshed at 12.8 or 22.4 m·s -l revealed damage to the seedcoat and endosperm. Damage extended to the embryo when threshing cylinder speed was increased to 30.7 m·s -l . Further research is needed to examine the interactive effects of threshing cylinder speed with plant feed rate into the combine harvester, concave clearance, and plant and seed moisture contents on the quality of amaranth seeds.
